The primary, secondary, and final reaction products of the cytochemical staining method for alkaline phosphatase have been demonstrated by x-ray emission microanalysis. The advantages and limitations of the technique in measuring reaction products are discussed. Scanning x-ray emission analysis provides a rapid way of detecting and measuring the amounts of individual elements in cytochemical reaction products. It has a resolution of 1 tt and a sensitivity of 0.01 per cent (w/v). It will provide information on the elementary composition of the products in situ and will permit study of the efficiency of conversion of one product to another. It will also yield information on the diffusion of reaction products in the tissue.
INTRODUCTION
The x-ray emission technique of Castaing (5) has been developed into an electron scanning method of x-ray emission analysis which has proved valuable in analysing metallurgical and minerallurgical samples at the microscopic level (12, 13) . It has been pointed out that the application of the X-ray scanning microanalyser to biological materials is restricted because of limitations in sensitivity, resolution, and range of elements detectable (7) . Thus only investigations of mineralised tissues or those in which suitable elements have been introduced in vivo have been carried out; e.g. the analysis of calcium and iron in teeth (3), tin inhaled into lungs (20) , breakdown products of metal plates in joints (7, 19) , and iron absorbed into the intestinal epithelium from food of high iron content (18) .
Its rapidity and accuracy recommended it as a method of analysing cytochemical reaction products which had previously been identified by x-ray absorption methods (17) . This report deals with a preliminary investigation of its application to the identification of cytochemical reaction products.
MATERIALS AND METHODS
The preparation of specimens for study of alkaline phosphatase was the same as that already described (16) except that the sections were mounted on small discs of carbon before insertion in the microanalyser. Rat kidney was examined.
The Cambridge Instrument Company's (Cambridge, England) production model of scanning xray microanalyser was used for the analyses.
RESULTS AND DISCUSSION

I. Demonstration of Emission of X-Rays
In the x-ray scanning microanalyser it is possible to display the electrons scattered backwards by the specimen on an oscilloscope and to photograph the image obtained. This image gives the topography of the specimen at a reasonable magnification (X 900) in a form similar to that obtained with oblique illumination in a light microscope (Fig. 1) . The emission of x-rays at any particular wavelength by particular elements in the specimen can be picked up by a crystal spectrometer equipped with a suitable counting system and the output displayed on an oscilloscope (Fig. 2) . Thus by comparison the topography can be correlated with the presence of certain elements.
phatase. The amplitude of the trace indicates the concentration of the element present at different points in the traverse. It also shows the distribution of calcium and phosphorus along the same traverse. This indicates that not all the calcium and phosphorus deposited in the primary reaction product has been converted to the secondary and final reaction products. That the calcium and phosphorus present is not endogenous can be shown by examination of "unstained" control sections. The localisation of calcium, phosphorus, cobalt, and sulfur in the traverse are similar. Fig. 
I~OURE 1
The image of electrons scattered backwards from a section of rat kidney stained for alkaline phosphatase. X 340. Fig. 1 shows the topography of a frozen section carried through the method for alkaline phosphatase to the point where calcium phosphate is deposited. In it the outline of several tubules can be detected. Fig. 2 shows the calcium K~ emission image of the same specimen. The white specks are distributed mainly at the site of the tubules. Fig.  3 shows the phosphorus K~ emission image of the same specimen. In this case, the white specks are more clearly distributed at the site of the tubules. If the scanning electron probe is made to move slowly across the specimen, then a line trace of the x-ray emission along that single traverse can be obtained. Fig. 4 shows a trace of the x-ray emissions of cobalt and sulfur along a line traversing a convoluted tubule in a section carried to the cobalt sulfide stage of the method for alkaline phos-5 shows the images of the distribution of these elements in this preparation.
II. Interpretation of Results with X-Ray Emission
The x-ray scanning microanalyser can measure amounts of single elements of the order of 10 -14 to 10 -15 gm in an area of 1 ~ diameter in a suitable specimen (7) . In the type of specimen of the thickness (~ 6 #) used here one can calculate from the data available (16) that it should be possible to deposit 3.0 to 4.5 X 10 -12 gm of calcium phosphate at a site of enzyme activity 1/~ in diameter. At best 24.6 per cent of this would be phosphorus and 43.8 per cent calcium; at worst 16.7 per cent phosphorus and 15.9 per cent calcium (16) . Thus 0.5 to 1.1 × 10 -12 gm of phosphorus and 0.48 to 2.0 × l0 -1~ gm of calcium could be deposited per #3. These amounts should be readily detectable by the emission method. Figs. 2, 3 , and 5 show considerable exposure of the background which could be attributed to scattering of small amounts of calcium and phosphorus throughout the specimen whereas the absorption image of the calcium phosphate (Fig. 6) shows that the distribution is predominantly in the brush border of the tubules. Nearly all of the background specks in the emission
If the crystal spectrometer method of identification and analysis is being used, then any element with an atomic number greater than eleven or twelve can be identified. If the recently introduced method of direct proportional counting and pulse height analysis is used, then it should be possible to identify and measure elements with an atomic number less than twelve (10, l 1).
FIGURE
The image for the K~ emission wavelength of calcium on the same area of the section shown in Fig. 1 . × 340.
images are, however, attributable to "noise" in the instrument and do not indicate presence of any element.
I I I . Factors Influencing the Successful Loealisation of Reaction Products by Emission
The scope and limitations of the scanning x-ray method of microanalysis have been considered by Cosslett in whose publications full reference to the literature is made (7, 8) . It is however useful at this point to discuss the technique in relation to cytochemical reaction products and to decide what type of preparation is best suited for measurement of these products.
The successful identification of any particular element will, however, depend upon a number of factors. The relationship of atomic number to sensitivity is discussed under methods of detection. Additional phenomena affecting intensity and thus detectability and measurement of a given element are fluorescence and self-absorption.
Early work suggested that a considerable correction factor, increasing in value with atomic number, was required because of fluorescence (21, 23) . More recent work, however, suggests that the fluorescence factor may be unity (1) . It is possible that radiation from the matrix may induce fluorescence in a reaction product. Archard (1) has calculated an over-all correction factor for sources of variation including fluorescence but points out that more information is required about them. The factor is high for those elements, except lead, which have been examined here.
Self-absorption is minimised by using the hardest (i.e., shortest wavelength) continuous line possible. T h e K series is suitable for most elements but as an unduly high voltage would be needed for those near the top of the periodic table then the L series should be used. Self-absorption will be high if the line excited in the element is of slightly shorter wavelength than that of the absorption edge of the matrix material. As an element is relatively transparent to its own characteristic radiation, this limitation is not severe although it tends to be in lighter elements. Self-absorption can be reduced by measuring at a high take-off angle.
(ii) P H Y S I C A L FORM OF T H E R E A C T I O N P R O -DUCT. If a reaction product is formed on the surface of a tissue, as it may be in the method for alkaline phosphatase, then the conditions for detection and measurement are quite different from those where the reaction product occurs con- tinuously or discontinuously throughout the matrix of the tissue. In the first case, there will be a high probability of detection of small amounts if the deposited element forms a layer thick enough to stop a good proportion of the electron beam. In addition, there will be less chance of absorption of the emitted x-rays or of the production of fluorescence because of the lack of enclosing tissue. O n the other hand, the abrupt change in surface topography at the reaction site may alter the take-off angle and thus diminish the sensitivity (see below).
method used the electron probe may have a working voltage in the range 1 to 40 kv and a beam current of lO--Sto 10 -6 amperes. In practice, burning of the specimen has proved to be unimportant when it is mounted on a material of high thermal and electrical conductivity. It is probable that the high energy of the electron probe will inactivate any enzyme present so that post-analytical study of the enzyme activity may be prevented. If the electron probe is held at one point on the specimen for long periods during measurement then burning of the specimen is more likely.
FIGURE 6
The x-ray absorption image of calcium phosphate deposited in the first stage of the method for alkaline phosphatase. X 275.
In the second case, the sensitivity will be influenced by ability of the electron probe to penetrate the tissue. Absorption of emitted x-rays by the surrounding tissue and possible x-ray fluorescence from it may occur. The relative smoothness of the surface will diminish the possibility of loss of sensitivity due to low take-off angle.
The emission from a given element is independent of the crystal structure of the compound containing it; thus, quite coarsely crystalline reaction products, which are common in cytochemical reactions, can be measured. At the magnifications used this is not a very great limitation as reduction in probe size would lead to larger sampling errors in quantitative studies although providing better discrimination of sites of deposition of reaction products.
(ii) PENETRATION. AS the electron probe penetrates only a short distance into the specimen then the certainty of identifying a reaction product will depend upon the thickness of the section and the spatial distribution of the product. If the product is present on the surface this will not be a limitation, but if it is present throughout the matrix of the tissue then its accurate detection and measurement will depend upon the thickness of the sections being less than the depth of penetration. As the amount of reaction product deposited depends upon the amount of enzyme present, within certain limitations, then the thicker the section the more reaction product. These factors may cancel each other for certain cytochemical methods. The degree of penetration will vary with the density of the specimen. If V1 is the beam voltage then V~ = a2xrpZ/'A where a2 is a "constant" falling by about 0.5 over the range of the periodic table, p is the density, Z the atomic number, A the atomic weight, and xr the range (8) . There will thus be a sixfold variation in penetration over the range of elements (Table I) .
The density of fresh cells is low and very variable between different cells and different parts of the same cell. In a fixed cell the density of the fixed and dehydrated submicroscopic particles of protoplasm is high (1.18 to 1.4 gm/cc) and constant, but their spatial distribution is such that the density of the matrix shows a considerable variation from point to point and is much lower (0.1 to 0.8 gm/cc) (9, 14) .
From the elementary composition of materials such as collagen, nucleic acid, etc., it can be calculated approximately that Alp Z will have a value of around 1.67 to 1.0 for the particles themselves and a value of anything from 20.0 to 1.67 for the matrix.
Penetration in a biological section will thus be considerably greater (2 to 25 times) than that in aluminium, for example. As the density varies across the surface of a section the penetration will vary.
Increased penetration will also lead to increased self-absorption and will reduce resolution.
(iii The sensitivity will depend, in a system using a proportional counter, upon the quantum efficiency of the characteristic emission. This will vary with the atomic number of the emitting element.
It has been shown (6) that for elements of low atomic number Nk = m0&. Z2
where Ark is the quantum efficiency, n is the number of K-shell ionisations per incident electron, o~ the probability that ionisation will be followed by ejection of an electron, and Z the atomic number when it is below thirty. This infers that the efficiency of x-ray emission is sufficiently high to permit detection of light elements such as carbon, nitrogen, and oxygen. The sensitivity increases with atomic number and voltage subject to limitations due to self-absorption, fluorescence, and Auger effect.
In general, the sensitivity of the method varies from 0.1 to 0.01 per cent: which means that 10 -12 -10 -14 gm of an element could be detected in a volume of 1/~a.
(iv) SCATTER FROM THE SPECIMEN SUR-FACE. The technique was originally developed for metallurgical analysis in which the surface being examined was highly polished and plane. Under these conditions, sampling of x-ray emission presented no great difficulty. In a tissue section the surface shows considerable irregularities which may be intensified by the deposition of the reaction product. With this type of specimen, variation in take-off angle across the surface of the specimen may be very great and sampling from one fixed point may be inaccurate.
This depends mainly upon the solid angle subtended at the specimen by the proportional counter or analysing crystal. The nature of the gas used in the counter and the material from which the window is made will affect the efficiency.
IV. Suitability of Preparation for Emission M icroanalysis
With the existing equipment it has so far only been possible to examine inorganic reaction products; the phosphates and sulfides of calcium, cobalt, and lead. It has been pointed out above that 0.5 to 1.1 × l0 -12 gm of phosphorus and 0.48 to 2.0 × l0 -12 gm of calcium could be deposited in 1 #2 in a section of kidney. If these amounts are deposited on or near the surface of the specimen, then they are readily detectable by the cmisslon method.
It should be possible to detect and measure any clement of atomic number greater than twelve if it is present in a concentration of l0 -1~ gm/~ 3. As the density of biological material is lower than 1.0, then greater penetration will be obtained and it may prove possible to detect and measure elements present in concentrations less than 0.1 to 0.01 per cent in the larger volume which would thus be emitting.
In choosing reaction products for examination by the emission method, the more important points to be remembered are:
(a) Sensitivity is greater for elements of high atomic number.
(b) A surface deposit may be more suitable, if penetration of the tissue is not great, but may lead to scattering of x-rays.
(c) Increased penetration will, however, increase the volume being analysed and thus decrease the minimal concentration detectable.
CONCLUSION
Microspectrophotometric measurements of the natural absorption of ultraviolet light by nucleic acids in single cells, or of visible light by reaction products staining the nucleic acids, have yielded much information about cellular processes. Attempts to establish similar cytochemical techniques for measurement of other cellular constituents depend upon the ability to show stoichiometry between the reaction product and the constituent to which it is bound. This ability will depend to some extent upon the characteristics of the reaction product (15) .
Attempts to measure enzyme activities at the microscopic level are those of Barter, Danielli, and Davies (2) and Casselman (4) using the interference microscope, and of Williams and Peacock (24) and Thorell and Chance (22) using microspectrophotometry.
The interference method may be limited by the fact that one measures the total reaction product and not that part of it which may be related to the activity of the enzyme (2). The microspectrophotometric method may be limited by high extinction coefficients, which may vary with concentration, and lack of substantivity and stability of the reaction product.
The x-ray method allows one to measure single elements in a reaction product. Thus, for example, measurement of the amount of phosphorus deposited may be expected to be related to the amount of ester hydrolysed by a phosphatase. The measurement of the element is also independent of factors such as high and variable extinction coefficient and of variations in spectral absorption or emission curve due to aggregation. The ability to measure several elements in the reaction product may permit correlation of the amount of the element related to enzyme activity to the molecular form of the reaction product and thus permit other simpler methods of measurement to be used.
It can be used to study the efficiency of conversion of reaction products, as indicated in these initial experiments, or of their stability. It cannot be used to study the rate of deposition of reaction products directly, but may provide a means of doing so by analysis of a series of sections prepared under controlled conditions. I wish to thank the Cambridge Instrument Company for making available its scanning x-ray microanalyser for this investigation. I am also grateful to Dr. V. E. Cosslett for advice on the results and their presentation and to Mr. J. Stedman for his technical assistance.
